In this paper we present a comprehensive analysis of exclusive vector meson photoproduction in pp, pP b and P bP b collisions at Run 2 LHC energies using the Color Dipole formalism. The rapidity distributions and total cross sections for the ρ, φ, J/Ψ, Ψ(2S) and Υ production are estimated considering the more recent phenomenological models for the dipole -proton scattering amplitude, which are based on the Color Glass Condensate formalism and are able to describe the inclusive and exclusive ep HERA data. Moreover, we also discuss the impact of the modelling of the vector meson wave functions on the predictions. The current theoretical uncertainty in the Color Dipole predictions is estimated and a comparison with the experimental results is performed.
I. INTRODUCTION
One of the goals of hadron physics is to achieve a deeper knowledge of the hadronic structure. In particular, the advent of the high energy colliders has motivated the study of the hadron structure at high energies. An important phenomenological and experimental tool for this purpose is the deep inelastic scattering (DIS) ep, where an electron emits a virtual photon which interacts with a proton target. The proton structure can then be studied through the γ * p interaction, taking into account the QCD dynamics at high energies. The experimental study of DIS was carried out at HERA, where the γ * p c.m. energy (W max ) reached a maximum value of the order of 200 GeV. HERA data have shown that the gluon density inside the proton grows with the energy. Therefore, at high energies, a hadron becomes a dense system and the nonlinear effects inherent to the QCD dynamics may become visible. This dense system is best described by the Color Glass Condensate (CGC) approach [1] . In the future an electron-ion collider may be built [2] . This will be the ideal machine for the study of hadron structure and of QCD dynamics, specially with heavy nuclei. This will also be the best place to test the CGC formalism for DIS.
Alternatively, one can study the γp(A) interaction at the LHC, in ultraperipheral collisions (UPC) and reach higher energies (W ∼ 900 − 8000 GeV) than those reached at HERA. In a UPC at high energies, two charged hadrons (or nuclei) interact at impact parameters larger than the sum of their radii [3] . Under these circunstances, it is well known that the hadron acts as a source of almost real photons and photon-photon or photon-hadron interactions may happen. The first part of the process, the photon emission, is a pure QED process while, in the second part, the photon-photon or photon-hadron interaction, other interactions may take place. In this work we study the QCD dynamics in exclusive vector meson photoproduction in photon -hadron interactions.
The first studies of exclusive vector meson photoproduction in UPC's were made in Refs. [4] [5] [6] . Since then several theoretical works related to this subject have been published [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . On the experimental side, a great amount of data has been accumulated [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . During the last years, the LHC has provided data on vector meson photoproduction at Run 1 energies and in this year at Run 2 energies. The Run 2 at the LHC has already produced P bP b collisions and more data in pp/pP b/P bP b collisions are expected in the next years. These collisions are now performed at energies which are a factor ≈ 2 larger than those of Run 1. The measurements at central rapidities will be sensitive to larger γP b energies and hence to smaller x values of the nuclear gluon distribution. Similarly, the experimental results obtained in pp and pP b collisions will probe the QCD dynamics at small -x. The study of vector meson ultraperipheral photoproduction has thus high priority.
Given that the QED part of the ultraperipheral interaction is well known, we can use this process to constrain the QCD dynamics. In Ref. [8] the authors proposed to study exclusive vector meson photoproduction in ultraperipheral collisions using the color dipole picture. In this formalism the photon fluctuates into awhich interacts with the hadron target via strong interaction and then turns into a vector meson. The main ingredients for the calculation of the cross sections are the vector meson wave function and the dipole -hadron scattering amplitude, which is dependent on the modelling of the QCD dynamics at high energies. Over the last years several authors [9, 12, [14] [15] [16] [19] [20] [21] [22] [23] [24] have studied exclusive vector meson photoproduction in pp/pP b/P bP b collisions using the Color Dipole formalism, considering different models to describe the dipole-target interaction and distinct approaches to treat the vector meson wave functions. As a consequence, a direct comparison between the predictions obtained in different studies is not an easy task. Our goal in this paper is to perform a comprehensive analysis of exclusive vector meson photoproduction in hadronic collisions considering the three phenomenological models for the dipole -proton scattering amplitude, which are able to describe the high precision HERA data on inclusive and exclusive ep processes, as well as two models for the vector meson wave function. Such analysis allows to estimate the current theoretical uncertainty in the color dipole predictions. The comparison with the experimental data will allow to constrain the modelling of the QCD dynamics and of the vector meson function. Moreover, it will tell us how much additional ingredients, as e.g. the inclusion of a survival gap factor [11, 18] , next -to -leading order corrections [35] and/or nuclear shadowing [17, 19] , are necessary to describe vector meson photoproduction in hadronic collisions. Finally, our goal is to provide, for the first time, predictions for exclusive light vector photoproduction in pp/pP b/P bP b collisions at the Run 2 energies and to complement the predictions presented in Ref. [22] . In that work, exclusive heavy vector meson photophotoproduction in pp/P bP b collisions was treated with the impact parameter Color Glass Condensate (bCGC) model for the dipoleproton scattering amplitude (N ) and the Boosted -Gaussian model for the vector meson wave function (Ψ V ). Here we also present predictions considering the IIM and IP-SAT models for N and the Gaus-LC model for Ψ V . In particular, the results obtained the updated version of the IP-SAT model are presented here for the first time.
The paper is organized as follows. In Sec. II we present a brief review of the Color Dipole formalism and the main expressions used to estimate exclusive photoproduction of vector mesons. Moreover, the distinct models for the dipole scattering amplitude and vector meson wave function are discussed. In Sec. III, we present our predictions for the cross sections and rapidity distributions to be measured in ρ, φ, J/Ψ, Ψ(2S) and Υ production in pp/pP b/P bP b collisions at the Run 2 LHC energies. Finally, in Sec. IV, we summarize our main conclusions.
II. FORMALISM
In this section we will present a brief review of the formalism. Let us start defining a UPC as a collision between two electric charges at impact parameters such that b > R 1 + R 2 , where R i is the radius of the charge i. In a UPC at high energies, it is well known that the hadrons act as a source of almost real photons and the hadron-hadron cross section can be written in a factorized form, given by the so called equivalent photon approximation (Ref. [3] )
In this equation, ⊗ represents the presence of a rapidity gap in the final state, n(ω) is the equivalent photon spectrum generated by the hadronic source and σ γh→V ⊗h (W 2 γh ) is the vector meson photoproduction cross section. Moreover, ω and W γh are the photon energy and the c.m. energy of the γh system, where
and √ s is the hadron-hadron c.m. energy. The equivalent photon spectrum is fully computed in QED. For the case where a nucleus is the source of photons, we have [3] 
where
with γ L being the target frame Lorentz boost. On the other hand, if a proton is the source of photons the spectrum can be approximated by [36] 
and
In order to estimate the exclusive vector meson photoproduction in hadronic collisions using Eq.(1) we need to know the γ h → V h cross section. The cross section for exclusive vector meson production is given by
The scattering amplitude A γh→V h (x, ∆) will be derived using the color dipole formalism [37] , which allows us to study the γh interaction in terms of a (color) dipole -hadron interaction. In this formalism, we assume that the photon fluctuates into a color dipole which interacts with the hadron target and then forms a vector meson at the final state. If the lifetime of the dipole is much larger than the interaction time, a condition which is satisfied in high energy collisions, the quasi -elastic scattering amplitude for the process γh → V h can be written as [38, 39] 
where the function [Ψ V * (r , z) Ψ (r , z)] T is the overlap between the wave functions of the transverse photon and of the vector meson, which describes the fluctuation of the photon with transverse polarization into a color dipole and the subsequent formation of the vector meson. Furthermore, N h (x, r , b h ) is the imaginary part of the forward dipole -hadron scattering amplitude and it carries all the information about the strong interactions in the process. The variables z, r , b h are, respectively, the light cone longitudinal momentum fraction of the photon carried by the quark (and 1 − z, for the antiquark), the transverse separation of the color dipole and the impact parameter, the separation between the dipole center and the target center. Further,
2 ) is the Bjorken variable for a diffractive event and ∆ is the Fourier conjugate of b h . It is related to the momentum transfer squared by ∆ = √ −t. In the Color Dipole formalism the main ingredients for the calculation of the vector meson cross sections are the vector meson wave function Ψ V and the dipole -target scattering amplitude N . The treatment of both quantities is the subject of intense study by several groups. In particular, the description of the vector meson wave function is still a theme of debate, with different models being able to describe e.g. the HERA data. In what follows, we will consider two popular models in the literature: the Boosted Gaussian and the Gaus-LC models (For alternative descriptions see. e.g. Refs. [40, 41] ). In these models the vector meson is assumed to be predominantly a quark-antiquark state. It is also assumed that the spin and polarization structure is the same as in the photon [42] [43] [44] [45] . As a consequence, the overlap between the photon and the vector meson wave function, for the transversely polarized case, is given by (For details see Ref. [39] )
whereê f is the effective charge of the vector meson, m f is the quark mass,
f and φ T (r, z) define the scalar part of the vector meson wave function. The Boosted Gaussian and Gaus-LC models differ in the assumption about the function φ T (r, z). In the Boosted Gaussian model the function φ T (r, z) is given by
In contrast, in the Gaus-LC model, it is given by
The parameters N T , R and R T are determined by the normalization condition of the wave function and by the decay width (See e.g. Refs. [19, 20, 39, 46] for details). In Fig. 1 , we present the behavior of the quantity as a function of r for different vector mesons, considering these two wave function models. We find that both models predict a peak in the function W (r ). The position of the peak is almost model independent, with the normalization of the Gauss-LC model being smaller than the Boosted Gaussian one. Moreover, the peak occurs at larger values of r for light mesons. We can observe that the heavier mesons are associated to smaller dipoles. So, studying different final states we are mapping different configurations of the dipole size, which probe different regimes of the QCD dynamics. This indicates that the global analysis of these different final states is ideal to constrain the description of the high energy regime of the strong interactions. Now let us discuss some features of the models for the dipole -hadron scattering amplitude N h . In the case of a proton target, the color dipole formalism has been extensively used to describe the inclusive and exclusive HERA data. During the last decades, several phenomenological models based on the Color Glass Condensate formalism have been proposed to describe the HERA data taking into account the nonlinear effects in the QCD dynamics. In general, such models differ in the treatment of the impact parameter dependence and/or of the linear and nonlinear regimes. Three examples of very successful models are the IIM [47] , bCGC [39, 49] and IPSAT [50] models, which have been updated in Refs. [48, 52] using the high precision HERA data to constrain their free parameters and describe the data quite well. As we will estimate the vector meson photoproduction in hadronic collisions considering these three models, let us present a brief review of their main aspects. Initially, let us consider the Iancu -Itakura -Munier (IIM) model (also called CGC model) proposed in Ref. [47] . This model interpolates two analytical solutions of well known evolution equations: the solution of the BFKL equation near the saturation regime and the solution of the Balitski-Kovchegov equation deeply inside the saturation regime. The IIM model assumes that the impact parameter dependence of the scattering amplitude can be factorized as follows
, where S(b p ) is the proton profile function and the dipole -proton scattering amplitude N p (x, r ) is given by [47] 
where Y = ln(1/x) and
is the saturation scale of this model. The free parameters were fixed by fitting the HERA data. Here we have used the updated parameters from Ref. [48] . The coefficients A and B are determined by the continuity condition of N and its derivative and are given by In Refs. [39, 49] a modification of this model was proposed, in order to include the impact parameter dependence. There, the authors have called this parametrization bCGC model. The functional form of N p is the same as in Eq. (14), but the saturation scale has the following dependence on b
The parameters used are from Ref. [48] . Finally, the last model used was the IP-SAT model [45, 50, 51] . This model uses an eikonalized form for N p that depends on a gluon distribution evolved via DGLAP equation and is given by
with a Gaussian profile
The initial gluon distribution evaluated at µ 2 0 is taken to be
The free parameters of this model are fixed by a fit of HERA data. In this work we have used a FORTRAN library (provided by the authors of Ref. [52] ) to calculate N , which includes an updated analysis of combined HERA data.
In Fig. 2 we present a comparison between the IIM, bCGC and IP-SAT predictions for the dipole-proton scattering amplitude as a function of r 2 for two different values of the Bjorken variable x. For the b-dependent models, we show the results for two different values of b. As it can be seen, the predictions of the different models are very different at large -x, with the differences decreasing at smaller values of x. For small dipole sizes, we can observe the different r dependence of the distinct models. In the IIM and the bCGC models, we observe that N ∝ r 2γ ef f for r 2 → 0, with different values for γ ef f . In contrast, the IP -SAT model predicts that N ∝ r 2 xg(x, 4/r 2 ) in this limit. On the other hand, for large dipole sizes, the IIM and IP-SAT amplitudes have the same asymptotic value while the bCGC amplitude goes to a somewhat smaller value. The main difference between the models is associated to the behavior predicted for the transition between the linear (small -r 2 ) and nonlinear (large -r 2 ) regimes of the QCD dynamics. The IIM model predicts a more rapid transition than the those predicted by the two b-dependent models. It is important to note that these three models for the dipole scattering amplitude describe the inclusive and exclusive HERA data. Since the production of the different vector mesons probes distinct values of r, as observed in Fig. 1 , their analysis can be useful to discriminate between the different models for the dipole -proton scattering amplitude.
How to treat the dipole -nucleus interaction is still an open question due to the complexity of the impact parameter dependence. In principle, it is possible to adapt the phenomenological models described above to the nuclear case (See In what follows, we will assume the model proposed in Ref. [53] , which includes the impact parameter dependence and describes the existing experimental data on the nuclear structure function [54] . In this model the dipole-nucleus scattering amplitude is given by
and T A (b A ) is the nuclear thickness, which is obtained from a 3-parameter Fermi distribution for the nuclear density normalized to A. The above equation sums up all the multiple elastic rescattering diagrams of thepair and is justified for large coherence length, where the transverse separation r of partons in the multiparton Fock state of the photon becomes a conserved quantity, i.e. the size of the pair r becomes eigenvalue of the scattering matrix. In what follows we will compute N A considering the different models for the dipole -proton scattering amplitude discussed before. In Fig. 3 we compare the predictions for the nuclear scattering amplitude considering the IIM, bCGC and IP-SAT models as input and different values of the impact parameter b A . As expected, N A saturates faster for central collisions than for large impact parameters. Moreover, the differences between the predictions are reduced in comparison to the proton case. This is directly associated with the model for N A , given by Eq. (22), which is the same in all three cases. The future experimental data on vector meson photoproduction in P bP b collisions will be useful to test this model of the dipole -nucleus interaction. Before presenting our results in the next section, some additional comments are in order. As the IIM model assumes the factorization of the impact parameter dependence, it implies that σ dip is given by
where σ 0 is a free parameter of the model constrained by the HERA data. In order to estimate the vector meson cross section in γp interactions using this model we will assume an exponential Ansatz for the t -dependence of dσ dt , which describes the typical behavior of a diffractive event. As a consequence, for the IIM model, we will have that
where B V is the slope parameter for the meson V . In our calculations, we have taken the slope parameters from Ref. [19] . Finally, as in Refs. [20, 22] we have considered the real part of the amplitude and the skewedness correction in the γp case. According to Ref. [15] , the skewedness corrections are better justified at high energies. In the UPC nuclear case these corrections can be very large, probably because of the wide range of reached rapidities, which includes photon-target collisions at low energies. In [15] the authors argue that this can make their cross sections bigger than the measured ones for J/ψ production in P bP b collision. In the lack of a better understanding of the skewedness corrections in nuclear collisions we will not include them in our study of γP b scattering. 
III. RESULTS
One of the main observables that can be directly measured at the LHC and can be used to study vector meson photoproduction is the rapidity distribution. Using the expression
which relates the photon energy ω, the mass (M V ) and the rapidity (Y ) of the produced meson in a UPC, and performing a change of variables in Eq. (1), we can show that (27) where ω L (∝ e +Y ) and ω R (∝ e −Y ) denote photons from the h 1 and h 2 hadrons, respectively. In what follows, we will present our results for the rapidity distribution of vector mesons produced in UPC's. In our predictions we did not consider the corrections associated to soft interactions which would destroy the rapidity gaps [11, 18] and, in the nuclear case, we did not include possible gluon shadowing corrections [17, 19] . The treatment of both corrections is still is a theme of debate. In principle, these two corrections would lead to a reduction of the cross sections.
In order to estimate the dependence of our predictions on the model used to describe the dipole -target scattering amplitude, let us focus initially on the rapidity distributions for the photoproduction of ρ, φ, J/ψ, ψ(2S) and Υ in pp collisions at √ s = 13 TeV considering the three models for N p discussed in the previous section and the Boosted Gaussian model for ψ V . The different lines present in the Fig. 4 represent the predictions of the IIM, bCGC and IP-SAT models. The results obtained with the updated IP-SAT model are shown here for the first time. As discussed before, the overlap functions for the ρ and φ mesons are dominated by larger dipole sizes than for heavier mesons (J/Ψ, Ψ(2S) and Υ). Therefore, the light and heavy meson states probe N h at different values of r. We observe that for ρ production, the IP-SAT and the bCGC models give very similar predictions while the IIM prediction is smaller by a factor 2. This result is directly associated to the behavior of N p at large dipoles presented in Fig. 2 . On the other hand, in the Υ production we are probing smaller dipoles, where the difference between the IIM, bCGC and IP-SAT models is associated to the distinct description of the linear regime. In this case, the IIM and bCGC predictions are similar and the IP-SAT predicts larger value of the rapidity distribution at central rapidities. The different modelling of the linear and nonlinear regimes in the distinct models of N p , as well as of the transition between these regimes, has direct impact on the predictions for the different mesons, as can be observed in Fig. 4 . While the IIM prediction is a lower bound for the ρ meson production at midrapidity, it is an upper bound for the J/Ψ one and becomes a lower bound for the Υ production. Therefore, a global analysis of different final states is an important probe of the treatment of QCD dynamics in the linear and nonlinear regimes. In order to estimate the theoretical uncertainty in the color dipole predictions for exclusive vector meson photoproduction in pp collisions, we also include in Fig. 4 a band which appears when we combine the predictions from the three different models of N p with the two models of ψ V . In the J/ψ and ψ(2S) cases we find a good agreement between the predictions and the data from LHCb Collaboration [30] [31] [32] . Moreover, the uncertainty in the predictions is bigger for light vector mesons at Y = 0, reaching a factor 3. Additionally, a large uncertainty is present in the predictions for the Υ production at large -Y .
Let us now consider pP b collisions. In this case the γp interactions are dominant because the equivalent photon spectrum of the nucleus is enhanced by a factor Z 2 in comparison to the proton one. Consequently, the rapidity distribution is asymmetric with respect to Y = 0. One advantage of the study of pP b collisions is that the analysis of the rapidity distribution for a given value of Y gives direct access to the value of x probed in the scattering amplitude, in contrast to symmetric collisions, which receive contributions of the QCD dynamics at small and large values of x. As the behavior of N p at large -x is not under theoretical control, it has direct impact on the color dipole predictions for symmetric collisions. An asymmetric distribution is observed in Fig. 5 , where we present our predictions for the exclusive photoproduction of ρ, φ, J/ψ, ψ(2S) and Υ in pP b collisions at √ s = 8.1 TeV. As in the pp case, the IIM, bCGC and IP-SAT predictions differ significantly in the production of light vector mesons, which implies a large theoretical uncertainty. For heavy mesons, the uncertainty is smaller, but still significant for Υ production at forward rapidities. Finally, it is important to emphasize that the position of the maximum of the distribution is model and vector meson dependent. This fact can be used to test details of the QCD dynamics in a future global analysis of exclusive vector meson photoproduction in pP b collisions.
In Fig. 6 we present our predictions for the exclusive photoproduction of ρ, φ, J/ψ, ψ(2S) and Υ in P bP b collisions at √ s = 5.02 TeV. In this case the difference between the predictions is smaller in comparison to the pp case, as expected from Fig. 3 . In particular, the bCGC and IP-SAT predictions are similar at central rapidities. Recently the ALICE Collaboration has released new data on ρ photoproduction at central rapidity [28, 29] , which is presented in Fig. 6 . As can be observed, the color dipole predictions overestimate the data. This result is an indication that other effects, not included in our analysis, should be included at least for this final state. Some possibilities are the inclusion of shadowing corrections [19] or absorption corrections [18] . Another possible conclusion is that the treatment of the dipole -nucleus interaction, described here by the model presented in Eq. (22), should be improved. Surely, new data TeV. Data are from ALICE Collaboration [28, 29] . on other mesons species will clarify this point. It may be possible to see if this failure is only related to ρ production or if it is an indication of a limitation of the existing color dipole descriptions. Finally, for completeness, we present in Table I the lower and upper bounds of our predictions for the total cross sections, obtained considering the three models for the dipole -hadron scattering amplitude and the two models for the vector meson wave functions. As expected from the analysis of the rapidity distributions, we observe that ρ production suffers from the largest uncertainties. Additionally, the cross sections are larger for P bP b collisions and decrease with the mass of the vector meson.
IV. CONCLUSIONS
Recent studies show that vector meson exclusive photoproduction has the potential to probe the QCD dynamics at high energies. This will be even more so in the forthcoming Run 2, when the total luminosity will be much higher than in Run 1. This larger data sample will allow the study of a larger set of different final states and a better discrimination between alternative descriptions.
In this paper we have presented a comprehensive study of the light and heavy vector meson photoproduction in pp/pP b/P bP b collisions at Run 2 LHC energies using the color dipole formalism. We have used the updated versions of different models of the dipole scattering amplitude, which take into account the nonlinear effects of the QCD dynamics (which are expected to become visible at the currently available energies). Moreover, we have used two different vector meson wave functions which, together with the models for the amplitude, describe the HERA data on vector meson production. As the LHC probes a larger range of γh center of mass energies, the analysis of vector meson photoproduction in this collider can be useful to discriminate between these distinct descriptions of the QCD dynamics and vector meson formation. As the free parameters present in the color dipole formalism have been constrained by the HERA data, the predictions for LHC energies are parameter free. In our study we have presented predictions for the exclusive photoproduction of ρ, φ, J/ψ, ψ(2S) and Υ in pp/pP b/P bP b collisions using the IIM, bCGC and IP-SAT models for the dipole -proton scattering amplitude and the Boosted Gaussian and Gaus -LC models for the vector meson wave function. Our results demonstrated that the light meson production probes larger dipole sizes and, consequently, the QCD dynamics deeper in the saturation regime. On the other hand, the heavy meson production probes the linear regime. These results indicated that a combined study of different final states will lead to a better understanding of the transition from linear to nonlinear dynamics. This study is very important to constraint the QCD dynamics, the vector meson wave function and the treatment of the nuclear interactions. Our results are in good agreement with the experimental data in the case of heavy vector meson production. The comparison with the recent experimental data on the ρ production in P bP b collisions indicated that the color dipole description, with the current assumptions, overestimate the data. In principle, this can be interpreted as an indication that a more careful treatment of the dipole -nucleus interaction and/or next -to -leading order corrections may be required and/or that shadowing effects and absorptive corrections should be incorporated to the formalism. Future experimental data may decide whether improvements of the color dipole description should also be included in the case of production of other vector mesons. Finally, it is important to emphasize that the color dipole formalism has been recently extended to describe double vector meson photoproduction in hadronic collision [57] and also to describe vector meson photoproduction associated to a leading neutron [58] . As demonstrated in Refs. [57, 58] , these processes can in principle be studied in the LHC considering the Run 2 energies. As the basic ingredients of these calculations are the same used in the present paper, the analysis of these processes also can be useful to test the universality of the color dipole description.
